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SUMMARY 


An investigation was made of the effects of orientation by multi- 
axial stretching on properties of various plastic glazing materials. 
The materials studied were Lucite HC-222 (polymethyl methacrylate), 
Plexiglas 55 (modified polymethyl methacrylate), Gafite, and resin C 
(polymethyl alpha-chloroacrylate). The following tests were conducted 
on samples of these materials stretched up to 150 percent: Dimensional 
stability at elevated temperatures, surface abrasion, standard tensile 
tests, and stress-solvent crazing tests using ethylene dichloride. 


The results show that (1) the resistance to surface abrasion is 
decreased, (2) the tensile strength is increased slightly, (5) the 
total elongation is greatly increased, and (4) the modulus of elas- 
ticity is essentially unchanged by multiaxial stretching. Most of the 
materials stretched 45 percent or more did not stress craze in the ten- 
sile tests. The threshold stress required for stress-solvent crazing 
for each material was also greatly increased by stretching. The rela- 
tive solvent-crazing resistance in the stretched state of the various 
materials investigated was found to be in direct relation to the 
solvent-crazing resistance of the unstretched material. Annealing of 
the unstretched and the stretched materials increased the resistance to 
stress-solvent crazing appreciably. 


There is some indication that Poisson's ratio for the stretched 
polymethyl methacrylate is greater than that for the unstretched material. 


INTRODUCTION 


Previous work conducted at the National Bureau of Standards on the 
effect of multiaxial stretching on properties of polymethyl-methacrylate 
plastic sheet has shown that the resistance to crazing is greatly in- 
creased by such orientation (refs. 1 and 2). Im addition, work 
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conducted at the Naval Research Laboratory and at North American Aviation, 
Inc., has shown that the shattering characteristics are also greatly 
improved by multiaxial stretching. As a result of this work, development 
programs are now under way in commercial laboratories for the production 
of airplane canopies from multiaxially oriented polymethyl methacrylate. 


several new or modified transparent plastics have recently been pro- 
duced, offering increased heat resistance and craze resistance. The 
present investigation was undertaken to determine the effects of multi- 
axial stretching on properties of these polymers, in view of the increased 
heat resistance they offer. 


The authors wish to acknowledge the cooperation of Dr. John F. 
Woodman of the Rohm & Haas Co., Inc., and representatives of the 
E. I. du Pont de Nemours & Co., Inc., during the course of this work. 
Dr. Saul R. Buc of the General Aniline and Film Corp. and Dr. C. E. 
Barnes of Arnold, Hoffman and Co., Inc., American representatives of the 
Imperial Chemical Industries, Ltd., of England, kindly supplied samples 
of their experimental polymers for use in this project. The assistance 
of Misses Mary K. Mutchler and Martha A. Sherman in performing some of 
the tests is greatly appreciated. The statistical design of the tests 
and analysis of the data were supervised by Mr. John Mandel. The inves- 
tigation was conducted at NBS under the sponsorship and with the financial 
assistance of the National Advisory Committee for Aeronautics; the help 
of this agency and members of its staff is gratefully acknowledged. 


MATERTALS 


The following transparent plastics were studied in this investigation: 


(a) Lucite HC-222 (MIL-P-5h25A): Ultraviolet-absorbing heat-resistant- 
grade polymethyl methacrylate, produced by E. I. du Pont de Nemours & Co., 
Inc. Specimens were tested from two sheets from each of two batches. 

Each sheet was 36 by 48 inches and of nominal l/lh-inch thickness. 


(b) Plexigias 55 (MIL-P-018h): Modified polymethyl-methacrylate 
produced by the Rohm & Haas Co. Specimens were tested from two sheets 
fram the same batch. Each sheet was originally 48 by 72 inches and each 
was cut into four sheets 24 by 36 inches and of nominal 1/4-inch thickness. 


(c) Gafite: Polymethyl alpha-chloroacrylate made by General Aniline 
and Film Corp. The sheets received represent experimental material since 
this polymer is not yet in commercial production. Specimens were tested 
from two sheets, each 36 by 60 inches and approximately 1/3-inch thick. 
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(а) Resin С: Polymethyl alpha-chloroacrylate, produced by Imperial 
Chemical Industries, Ltd., of England and obtained through the American 
representatives, Arnold, Hoffman and Co., Inc. The samples received 
represented experimental material. Specimens were tested from two sheets, 
each 36 by 48 inches and approximately 1/4-inch thick. 


APPARATUS AND PROCEDURE 


Forming 


Experiments were made by heating pieces of the materials at various 
temperatures for various periods and then attempting to stretch them to 
select the optimum conditions for stretching the materials needed for 
the evaluation tests. The temperatures were not extended beyond those at 
which apparent degradation occurred for each materiel. The apparatus and 
the conditions selected are as follows: 


Equipment .- The equipment used. for the multiaxial stretching is 
described in detail in reference 1. It consisted essentially of a flanged 
cylindrical vessel, approximately 12 inches in diameter, open at the top 
and having two outlets from the sides, one to vacuum and one to the atmos- 
phere. А lh-inch-square sheet of the plastic was heated in an air- 
circulating oven to the forming temperature, removed, quickly placed over 
the top of the vessel, and clamped in place. Тһе vessel was then еуас- 
uated and the plastic drawn into the vessel in the form of a hemisphere. 
An inner metal cylinder was inserted into the hemisphere and clamped. in 
place, and air was admitted into the vessel. The plastic retracted 
around the inner cylinder, roughly forming a top hat. Test specimens 
were taken from the 10-inch-diameter flat top of the formed piece. Tests 
described in reference 1 showed that the degree of stretching was uniform 
over the area of the flat disk. 


Stretching conditions.- The Iucite НС-222 was heated by suspending 
the piece to be stretched in the air-circulating oven at 165° C for 
50 minutes prior to stretching. The Lucite was stretched 50, 100, and 
150 percent. 


The Plexiglas 55 was heated at 1859 C for 50 minutes prior to 
stretching and was stretched 45 and 85 percent only. The time of heating 
was varied from 15 to 30 minutes and the temperature from 160° to 1859 C, 
but it was still not possible to stretch this material more than 85 per- 
cent with the equipment used. 


The Gafite was heated at 180° C for 30 minutes prior to stretching. 
There was no visible degradation of the material at this temperature in 
this period. Thermal degradation of polymethyl alpha-chloroacrylate, 
as evidenced by bubbling or "pimpling," was a problem. 
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The resin C was heated at 180? C for only 15 minutes before 
stretching. This abbreviated heating period was used because bubbles 
developed in some specimens when heated at 180° C for 30 minutes. 


Methods of Test 


The following tests were conducted on specimens of the unstretched 
and stretched materials: Dimensional stability at elevated temperatures, 
resistance to surface abrasion, standard tensile, and stress-solvent 
crazing. These tests were made at 23° C and 50-percent relative humid- 
ity after the specimens were stored at these conditions for at least 
96 hours, unless otherwise specified. 


Dimensional stability.- Dimensional-stability tests were conducted 
to provide thermal-relaxation data and to provide data from which an- 
nealing conditions for the stretched materials could be determined. The 
Specimens were small irregular pieces remaining after tensile and abra- 
sion specimens were cut from the formed disks and were approximately 


l by 25 inches in size. Two lines approximately 12 inches apart were 


scribed on the surface of the specimens with a razor blade and the exact 
distance between the lines read to the nearest hundredth of an inch using 
& steel scale graduated in hundredths of an inch and a magnifying glass. 
The specimens were then laid on a sheet of plate glass and placed in an 
air-circulating oven at the test temperature. At the end of 2 hours, 

the specimens were removed from the oven and allowed to cool for 5 min- 
utes, and the distance between the lines was measured. The specimens 
were then replaced in the oven and the readings repeated, in most cases, 
at the end of 6 hours, 1 day, 2 days, and 3 days. Several specimens 

were measured after they had cooled to room temperature, and no signif- 
icant difference was found in the measurements made while the specimens 
were hot and after they had completely cooled by the measuring technique 
used. Four specimens of each degree of stretch of each material were 
tested at each temperature. 


Surface abrasion.- The resistance to surface abrasion was deter- 
mined for unstretched and stretched materials, following method 1092.1 
of reference 5. A Taber &braser was used with CS-10 Calibrase wheels 
and a load of 1,000 grams on each wheel. Haze and light-transmission 
measurements were made in accordance with method 3022 of reference 3, 
using an integrating-sphere haze meter. These measurements were made 
after 0, 10, 25, 50, 75, 100, 150, 200, and 250 revolutions of the 
abrader. 


Specimens were cut from the formed disks so that three abrasion 
specimens were obtained from each pair of disks of the same degree of 
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stretch, that is, two specimens from one disk and one specimen from the 
other. As a result, 12 specimens were prepared for each degree of stretch 
for the Lucite and Plexiglas, and six specimens of each degree of stretch 
Por the Gafite and resin C. 


Standard tensile tests.- The standard tensile tests were made in 
accordance with method 1011 of reference 5 using the Type 1 specimen. 
The tests were conducted on a 2,400-pound Baldwin-Southwark hydraulic 
universal testing machine.  Load-elongation data were recorded graph- 
ically using a Southwark-Peters extensometer and recorder. A testing 
speed of 0.05 inch per minute was used up to lO-percent elongation at 
which point the gage was removed and the speed increased to approxi- 
mately 0.25 inch per minute.  Elongations greater than 10 percent were 
measured with dividers. 


In previous tests, use of the strain gage with tensile specimens 
of stretched material resulted in a tendency toward premature failure, 
probably caused by the knife edges of the gage. However, it was desir- 
able to use the strain gage to obtain load-elongation data from which 
the tensile modulus of elasticity could be calculated. Therefore, half 
of the specimens of the stretched materials were tested using the strain 
gage and half were tested without the gage. It was observed that, if 
the gage remained on & specimen of stretched material up to lO-percent 
elongation, the specimen would indent appreciably in the vicinity of 
the gage springs and fail here. To prevent this, the gages were 
removed at 2- to 5-percent elongation, still permitting calculation of 
the modulus of elasticity from the load-elongation data obtained. 


Two standard tensile specimens were obtained from each stretched 
disk. Thus 16 unstretched specimens and 8 stretched specimens of each 
degree of stretch of the Gafite and resin C, and 32 unstretched speci- 
mens and 16 stretched specimens of each degree of stretch of the Lucite 
and Plexiglas were tested. қ 


Stress-solvent crazing tests.- The stress-solvent crazing tests 
were conducted using tensile specimens tapering in width from 0.500 to 
0.555 inch over a 34-inch reduced section. Thus for а given applied load 
the stress varied over the length of the specimen from a value S at 
the maximum cross section to 1.58 at the minimum. Іп conducting the 
test, a predetermined load was applied to the specimen, and & solvent- 
saturated blotter, backed with a block of polyethylene for rigidity, 
was held against one face of the specimen for 10 seconds. Тһе load was 
removed after 30 seconds, and the stress at the point at which crazing 
terminated was calculated as the threshold stress for stress-solvent 
crazing. For a given material, this stress will usually vary with the 
solvent used. Ethylene dichloride was selected for use in these tests 
as it was desirable to use one solvent for all of the materials and this 
solvent would cause appreciable crazing on all of the materials to be 
tested. | 
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Heat treatment.- Half of the unstretched tensile specimens of each 
material were subjected to the same heating cycle and rapid cooling as 
that used in stretching to determine the effect of this cycle on the 
tensile properties. In addition, half of the unheated and half of the 
heated unstretched tensile specimens as well as half of the stretched 
tensile specimens were annealed prior to testing. Also, one-third of 
the abrasion specimens were annealed. The annealing temperature for 
each material was selected from the results of the dimensional-stability 
tests and was selected as the maximum temperature at which the stretched 
material could be heated for 6 hours with less than 5-percent relaxation. 
The temperatures selected were 90° C for Lucite HC-222, 100° C for 
Plexiglas 55, and 110° C for Gafite and resin C. The specimens were 
allowed to cool slowly to room temperature in the oven by turning off 
the heat and the circulating fan. 


Statistical Design 


For each test, all of the specimens of a given material were tested 
prior to testing the next material. The order of testing of the specimens 
for each material in each test was randomized to minimize bias. 


In the tensile tests, for each material and test a simple pooled 
measure of precision was calculated from the variability of the replicate 
specimens of the same sheet tested for each condition. This standard 
deviation is listed in the tables of results. The standard error corre- 
sponding to any reported average can be calculated by dividing the stand- 
ard deviation by the square root of the number of specimens involved. 

The standard error is reported directly for the abrasion results. 


RESULTS AND DISCUSSION 


Dimensional Stability 


The results of the dimensional-stability tests are presented in 
tables I to IV. In the tests in which there were large decreases in the 
length of the specimens, most of this decrease occurred in the first 
2 hours. For each material, the higher the degree of stretching, the 
greater was the relaxation at any temperature. Although the differences 
in thickness in specimens of varying degrees of stretching might affect 
the extent of relaxation after & sbort heating period, it is doubtful 
that the thickness differences would affect the degree of relaxation 
after an extended heating period. In comparing the relaxation behavior 
of the various stretched materials at a given temperature, it is observed 
that the higher the heat-distortion point, the lower the degree of relax- 
ation. Thus for a given degree of stretch at a given temperature, the 
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Gafite and resin C, with a heat-distortion point of approximately 130° C, 
relaxed the least; the Plexiglas 55, having a heat-distortion point of 
approximately 105° C, relaxed more; and the Lucite HC-222, having a heat- 
distortion point of approximately 100° C, relaxed the most. 


Surface Abrasion 


The results of the surface-abrasion, tests are presented in table V. 
Values for light transmission and haze before and after abrasion are 
tabulated, as well as values for the slope of the initial portion of the 
abrasion curve obtained by plotting "Percent haze" against "Number of 
revolutions" of the Taber abraser. The results obtained for the annealed 
specimens were similar to those obtained for the unannealed specimens во 
the data were pooled. The results indicate that the resistance to abra- 
sion is decreased by multiaxial stretching and there is some indication 
that this resistance decreases as the degree of stretching increases. 
There is fair correlation between the value for haze after 250 revolutions 
and the slope of the abrasion curve as a measure of surface abrasion. 

The Gafite and resin C were the most abrasion resistant, the Plexiglas 55 
was slightly less resistant, and the Lucite HC-222 was the least resistant. 
The materials having the greatest abrasion resistance in the unstretched 
state also had the highest resistance when stretched. 


Standard Tensile Tests 


Lucite HC-222.- The results of the standard tensile tests on 
Lucite HC-222 are shown in table VI. A series of typical stress-strain 
diagrams for unstretched and stretched Lucite HC-222 is presented in 
figure 1. The shape of the stress-strain curve is not appreciably altered 
by the stretching. 


The heating-and-cooling cycle used in the stretching operation did 
not affect the tensile strength of the unstretched material. Annealing 
resulted in a slight increase in tensile strength of the unstretched and 
the stretched materials. Іп addition, there was a slight increase in 
tensile strength on stretching. 


The total elongation was not affected by the heating or annealing 
of the unstretched material or by annealing of the stretched material. 
The elongation was higher for the stretched materials than for the 
unstretched. It is difficult to make any conclusions as to the variation 
of elongation with degree of stretching because of the variability of the 
measurements. Several specimens of unstretched material were tested with- 
out a strain gage to determine if the gage appreciably affected the tensile 
strength or the total elongation. No significant differences were found. 
There was also no significant difference in the values for total elongation 
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of stretched specimens tested with & gage or without & gage, so these 
d&t& were pooled. 


The secant modulus of elasticity was calculated for the stress 
range of O to 2,500 psi. This part of the load-deflection curves was 
essentially a straight line. The modulus was not affected by heating 
or annealing. There was some indication of a slight increase in modulus 
for the highly stretched material. Е = 


The stress and the strain at the onset of crazing for the unstretched 
material were not affected by the various treatments. This crazing 
occurred at approximately 90 percent of the tensile strength. None of 
the specimens of the stretched materials crazed in these tests. 


Plexiglas 55.- The results of the standard tensile tests on 
Plexiglas 55 are presented in table VII. Тһе stress-strain curves 
obtained for the Plexiglas 55 were similar in shape to those obtained 
for the Lucite HC-222. As in the case of the Lucite, the heating did 
not affect the tensile strength whereas the annealing resulted in an 
increase in the tensile strength of the unstretched and the stretched 
materials. There was also a slight increase in tensile strength for the 
stretched material compared with that of the unstretched. 


Heating or annealing of the unstretched material or annealing of 
the stretched material did not affect the total elongation. Again the 
elongation was much higher for the stretched materlals than for the 
unstretched, but there was no significant variation of elongation of the 
stretched material with degree of stretching. 


The modulus of elasticity was not affected by heating or by annealing, 
but there was some indication of a slight increase in modulus for the 
more highly stretched material. 


Ihe stress at which crazing occurred was increased by annealing the 
unstretched material. The heating-and-cooling cycle used in stretching 
also increased the stress required for crazing. However, there was no. 
difference between the annealed specimens and the specimens that were 
heated and annealed. Crazing of the unstretched material occurred at 
approximately 95 percent of the tensile strength. None of the stretched 
specimens crazed. | | 


Gafite.- All of the standard tensile specimens of Gafite were 
annealed, and the results of the tensile tests are presented in table VIII. 
Ihere was no significant difference in tensile strength of the annealed 
and the heated and annealed unstretched specimens. Multiaxial stretching, 
however, resulted in & significant increase in tensile strength. 


-W 
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The total elongation of the stretched materials was again much 
greater than that of the unstretched material. The stretched tensile 
specimens that were tested with a strain gage failed at significantly 
lower elongations than those without & gage. The elongation data listed 
in the table are based on the specimens tested without a gage since these 
values would represent the true values. 


The secant modulus of elasticity was not affected by the heating or 
by stretching. 


The increase in the average value for the stress at which crazing 
occurs for the heated unstretched specimens over that for the unheated 
specimens was not statistically significant. The unstretched specimens 
crazed at approximately 85 percent of the tensile strength. Half of 
the tensile specimens of the material stretched 50 percent crazed at 
stresses very close to the ultimate strength, and half of the specimens 
broke without crazing. None of the more highly stretched specimens 
crazed. 


Resin C.- The results of the tensile tests of resin C are shown in 
table IX. Typical stress-strain diagrams for unstretched and stretched 
specimens of this material are presented in figure 2. Unlike the Lucite 
and Plexiglas, the unstretched resin C failed before reaching a yield 
point. The stretched material, however, reached a yield point before 
failing, as shown. Similar diagrams were obtained for Gafite. 


Heating or annealing did not affect the tensile strength of the 
unstretched material. Annealing increased the tensile strength of the 
stretched materials, however. The tensile strength of the stretched 
materials was appreciably higher than that of the unstretched material. 


The total elongation of the stretched materials was also higher than 
that of the unstretched material. The elongation appeared to decrease 
as the degree of stretching increased. 


The secant modulus of this material was increased slightly by the 
multiaxial stretching. 


The stress and the strain at which crazing occurred were not 
affected by heating or annealing the unstretched material, and crazing 
occurred at approximately 82 percent of the ultimate strength. None of 
the stretched materials crazed in the tensile tests. 


Comparison.- The polymethyl alpha-chloroacrylate materials had the 
highest tensile strengths of the materials tested and showed the largest 
increases in tensile strength on stretching. This increase is probably 
due to the more polar nature of the molecule. The tensile strength of 
the Plexiglas 55 was slightly higher than that of the Lucite HC-222. 
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The total elongation of the chloroacrylate materials was much less than 
that of the two methacrylate materials, in both the unstretched and the 
stretched states. The modulus of elasticity was much higher for the 
chloroscrylates. Тһе values for the Plexiglas 55 and the Lucite HC-222 
were approximately the same. None of the materials showed a large increase 
in modulus on stretching. Crazing occurred at higher stresses in the 
chloroacrylete materials than in the methacrylate materials but ata 
slightly lower percentage of the ultimate strength and at a lower strain. 
The Plexiglas 55 crazed at slightly higher stresses than the Lucite HC-222. 
In general, the specimens of the stretched materials did not craze in the 
standard tensile tests. 


Stress-Solvent Crazing 


Lucite HC-222.- The results of stress-solvent crazing tests, shown 
in table VI, indicate that both heating and annealing increased the 
craze resistance of the unstretched Lucite HC-222. The craze resistance 
of the unstretched material was approximately doubled by heating and 
annealing and was increased approximately 50 percent by annealing alone. 
The resistance to stress-solvent crazing was increased by stretching and 
increased as the degree of stretching increased. Annealing increased 
the threshold stress of the 50-percent-stretched material, but the vari- 
ability of the measurements masked any effects of annealing for the more 
highly stretched materials. It is interesting to note that the threshold 
stress for the unstretched material after heating and annealing is slightly 
greater than that for the unannealed 50-percent-stretched material. 


Plexiglas 55.= The values for threshold stress for stress-solvent 
crazing are presented in table VII for the Plexiglas 55. The crazing 
resistance of the unstretched material was increased approximately 
25 percerit by annealing. There was also a slight increase in craze 
resistance on heating the unstretched material. The threshold stress 
for stress-solvent crazing again increased as the degree of stretching 
increased and the craze PRELP TONGE of the stretched material was increased 
by annealing. | 


Gafite.- The results of the stress-solvent crazing tests obtained 
for Gafite are listed in table VIII. The specimens that were heated and 
then cooled rapidly to similate the stretching cycle warped slightly 
when cooled. As a result, the values for threshold crazing stress varied, 
depending on whether the solvent was applied to the concave face or the 
convex face. The average threshold stress for the concave faces was 
2,690 psi and that for the convex faces was 4,460 psi. Thus any slight 
curvature introduced into the sheets produces "a marked effect on the 
crazing behavior. For the unstretched specimens that were not heated, 
the resistance to crazing was increased by annealing. The threshold 
stress for stress-solvent crazing increased greatly as the degree of 
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stretching increased. In fact, half of the 150-percent-stretched spec- 
imens did not craze at stresses greater than 90 percent of the tensile 
strength. Annealing markedly improved the craze resistance of the 
stretched materials. 


Resin C.- The stress-solvent crazing data for resin C are presented 
in table IX. The heating cycle increased the threshold stress for stress- 
solvent crazing appreciably for the unstretched material. Annealing 
increased the craze resistance of the unstretched specimens that were 
not heated but had little effect on the specimens that were heated. 
Resistance to crazing increased greatly with stretching and none of the 
150-percent-stretched specimens crazed at stresses of approximately 
O5 percent of the tensile strength. Annealing increased the craze 
resistance of the 50- and the lOO-percent-stretched materials. 


Comparison.- Multiaxial stretching markedly increased the threshold 
stress for stress-solvent crazing for all of the materials tested. This 
threshold stress increased for each material as the degree of stretching 
increased. The Lucite HC-222 showed the least resistance to stress- 
solvent crazing with ethylene dichloride compared with the other materials 
tested. This was true for the unstretched state as well as for the 
stretched. The Plexiglas 55 was next best in craze resistance and was 
considerably better than Lucite HC-222. In fact, the 45-percent-stretched 
Plexiglas 55 was more craze resistant than the 150-percent-stretched 
Lucite HC-222. The chloroacrylate materials were by far the most resist- 
ant to stress-solvent crazing with ethylene dichloride. The threshold 
stress for the heated unstretched resin C was approximately the same ав 
that for the 150-percent-stretched Lucite HC-222, and the threshold stress 
for the 50-percent-stretched resin C was greater than that for the 
&5-percent-stretched Plexiglas 55. For these four transparent plastics, 
those which had the higher craze resistance in the unstretched state 
also had the higher craze resistance in the stretched state. 


Effect of Annealing and of Heating 


The effects of heating and of annealing of the test specimens were 
not completely consistent for all of the materials tested. For the 
unstretched materials, the heating and rapid cooling did not significantly 
affect the tensile strength of any of the materials. Annealing the 
unstretched specimens increased the tensile strength of the heated and 
unheated Lucite HC-222 and Plexigias 55. Annealing the stretched spec- 
imens resulted in increased tensile strengths in every case. 


The stress at which crazing occurred in the standard tensile tests 
was not significantly affected by annealing or by the heating cycle 
except for the Plexiglas 55. In this case, annealing increased the stress 
required as did the heating cycle alone, but there was no difference 
between the annealed specimens and the specimens that were heated and 
annealed. 
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The threshold stress for stress-solvent crazing was increased by 
heating and by annealing the unstretched specimens of all four materials. 
The threshold stress was also increased by annealing the stretched spec- 
imens of all four materials except Lucite HC-222. The threshold stress 
for the 50-percent-stretched Lucite HC-222 specimens was increased by 
annealing, but there was no significant effect for the more highly 
stretched specimens of this material. 


Annealing did not affect the surface-abrasion resistance of the 
stretched materials. It was thought that the annealing might relieve 
some of the residual stresses in the stretched material, resulting in 
abrasion resistance comparable with that of the unstretched material. 
The results show that this did not occur. 


Annealing of the stretched specimens resulted in some relaxation 
of the stretching, corresponding to the values reported in tables I to IV. 
As a result of this decrease in degree of stretching, decreased resistance 
to crazing and decreased tensile strength might be expected. However, 
the effect of annealing was large enough to compensate for this decreased 
degree of stretching. 


Tensile Tests at Low Testing Speeds 


In the previous investigations conducted on stretched polymethyl 
methacrylate, very little increase in tensile strength was observed for 
the stretched materials over the unstretched. However, there was a 
marked decrease in the cross section of tensile specimens of the stretched 
material prior to failure because of the high elangations, whereas the 
unstretched material broke at low strains with little change in cross 
section. Thus the true stress at failure was probably much greater for 
the stretched specimens than that based on the original area. 


Therefore several tests were conducted in this investigation on 
specimens of stretched Lucite HC-222 and Plexiglas 55 without increasing 
the speed of testing when the elongation reached 10 percent. A speed of 
0.05 inch per minute was used up to failure. At this low speed, measure- 
ments could be made ОҒ the width and thickness of the specimen at various 
elongations. From these data, the true stress at various strains could 
be calculated and the effect on the tensile properties of increasing the 
speed of testing could be determined. Since most of the specimens of the 
stretched chloroacrylate materials broke at elongations of 20 percent or 
less with little decrease in cross section, no measurements of this буре 
were made оп these specimens. | 


In these tests on Lucite HC-222 and Plexiglas 55, the width and 
thickness of the test specimen were measured with micrometer calipers 
to the nearest thousandth of an inch, starting at 10-percent elongation 
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and continuing at intervals of 10-percent elongation until failure. The 
load was observed at each reading. 


The average values obtained in these tests are shown in table X. 
Typical true stress-strain dlagrams for the stretched Lucite HC-222 апа 
Plexiglas 55 are shown in figures 4 to 6. The results show that the 
true stress at the yield point is approximately 10 percent greater than 
the tensile strength which is based on the original area. The materials 
with the highest tensile strength did not have the highest true stress 
at failure. The 5O0-percent-stretched materials, which elongated the 
most and thus decreased the most in area, had the highest values for 
true stress at failure. That is, for each material, the true stress at 
failure was related to the total elongation. The true stress at failure 
varied from approximately 25 percent to 50 percent greater than the 
tensile strength. 


From the measurements made in the above tests of the changes in 
dimensions of the tensile specimens of the stretched materials, it was 
possible to calculate values for Poisson's ratio. This is the ratio of 
the fraction change in the lateral dimension to the fraction change in 
length. These values were calculated from changes in width and changes 
in thickness for each specimen, starting at 10 percent elongation, at 
intervals of 10 percent elongation to failure. 


The results show that Poisson's ratio is initially approximately 0.4 
to 0.5 and decreases to approximately 0.5 to О.В as the elongation 
increases. The reported value for Poisson's ratio for unstretched 
Plexiglas ТТ is 0.55. It will be necessary to refine the technique used 
in making these measurements on stretched material to establish quanti- 
tative relationships. Stang, Greenspan, and Newman (ref. 3) showed that 
for 255-Т aluminum-alloy sheet, 24S-RT aluminum alloy, and chrome- 
molybdenum stéel, Poisson's ratio increases, reaches a maximum, and then 
decreases as the axial strain increases. This behavior was shown to be 
qualitatively the same as that for an ideal case of no plastic dilatation 
in an isotropic material. 


Appearance of Crazed Specimens 


The stress crazing of Lucite HC-222 was apparent as a rather uniform 
blushing of the surface, common for polymethyl methacrylate. The crazing 
of Plexiglas 55, although not nearly so uniform nor so dense, also appeared 
on the surface only. The stress crazing of the polymethyl alpha- 
chloroacrylate specimens was rather uniform and quite dense and was appar- 
ent in the interior of the specimens as well as on the surface. This was 
true for both the Gafite and the resin C. The effect shown in figure 7 
is typical of that observed for all the chloroacrylate specimens which 
had been subjected to each of the heating and annealing treatments. 

Further study will be made of the nature of this crazing. 


14 . NACA RM 54F22 


The stress-solvent-crazed specimens were similar in appearance to 
those tested in the previous investigations. The craze cracks of tae 
stretched materials were finer and more numerous than for the unstretched 
materials. For each material, the cracks became finer as the degree of 
stretching increased. 


Fracture Behavior 


The fracture surfaces of the unstretched Lucite HC-222 and 
Plexiglas 55 specimens were flat and relatively smooth and were perpen- 
dicular to the cast faces. A smooth mirrorlike area was apparent on 
each fracture surface and was probably the point at which fracture initi- 
ated. This behavior has been discussed in previous reports (refs. 1 
and 2). The fracture surfaces of the polymethyl &lpha-chloroscrylate 
specimens were very rough and uneven and usually slightly rounded. 
Numerous small pieces broke out of the fracture surfaces of the chloro- 
acrylate specimens at failure. It was very difficult to detect a mirror- 
like area on most of these specimens. Examples of the fracture surfaces 
are shown in figure 8. 


Secondary fractures occurred in numerous chloroacrylate tensile 
specimens. Most of these fractures occurred in the portion of the spec- 
imen in the tensile grips and are probably related to the stresses caused 
by the grips. However, in some cases multiple fractures occurred in the 
reduced portion of the chloroacrylate tensile specimens. A few of the 
Plexiglas 55 specimens had secondary fractures in the tensile grips, but 
there were none in the Lucite HC-222 specimens. Miklowitz (ref. 5) has 
reported secondary fractures for Plexiglas I-A and attributed this 
secondary failure to the superposition of the longitudinal strain and 
the resultant flexural strain, which together total more than the orig- 
inal static tensile fracture strain. 


The fracture surfaces of the stretched materials showed the same 
laminar structure observed in the previous investigations of polymethyl 
methacrylate (refs. 1 and 2). This structure is probably due to the 
orientation of the molecule chains in layers parallel to the plane of 
the sheet. The higher the degree of stretching, the more apparent was 
this leyerlike orientation. In many cases, a triangular-shaped piece 
split out of a tensile specimen of stretched material at the point of 
failure. This phenomenon, shown in figure B, probably represents a 
combination of tensile failure and shear failure. 


CONCLUSIONS 


Tests were conducted to determine the effects of multiaxial 
stretching on various properties of several new transparent plastics. 
As & result of this study, the following conclusions can be made: 
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l. Polymethyl alpha-chloroacrylate can be multiaxially stretched at 
least 150 percent, whereas Plexiglas 55 (modified polymethyl methacrylate) 
cannot be stretched more than 85 percent with the apparatus used. 


2. The stretched materials will relax gradually if heated to a high 
enough temperature. Тһе higher the heat-distortion point of the unstretched 
material, the lower is the extent of relaxation of the stretched material 
at any given temperature within the range investigated. For any material, 
the higher the degree of stretching, the greater is the extent of relax- 
ation at a given temperature. Most of the relaxation occurs in the first 
2 hours. 


5. Multiaxial stretching causes the following general effects in the 
transparent plastics studied: 


= А decrease in the resistance to surface abrasion. 
b) A slight increase in tensile strength. 

(с) A large increase in total elongation. 

(d) Little effect on the tensile modulus of elasticity. 

(e) Large increases in resistance to stress crazing and to stress- 
solvent crazing. This resistance increases with increasing degrees of 
stretching. 


1. Annealing increases the tensile strength of the stretched mate- 
rials slightly and has the same effect for some of the unstretched mate- 
rials. The resistance of both unstretched and stretched materials to 
stress-solvent crazing is usually increased markedly by annealing.  How- 
ever, the stress crazing behavior of the unstretched materials is not 
affected by annealing in most cases. Resistance of the stretched mate- 
гізів to surface abrasion is not affected by annealing. 


D. There is some indication that Poisson's ratio for the stretched 
polymethyl methacrylate is greater than that for the unstretched material. 


National Bureau of Standards, 
Washington, D. C. 
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TABLE I.- DIMENSIONAL STABILITY OF LUCITE Н-222 


[All results are the average for four specimens] 
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TABLE II.- DIMENSIONAL STABILITY OF PLEXIGLAS 55 


[А11 results аге the average for four specimens] 


Multiaxial stretch, percent 
Decrease in length, percent 





























2 hr 0.4 0.8 
6 hr 6 1.0 
1 day .8 1.0 
2 days 1.0 IL 
5 days .9 died: 
2 hr 1. 1.6 
6 hr 1:25 1.9 
1 day 2,2 ға! 
2 days 1:95 1.9 
2 days 1.9 2.1 
2 hr 2 15.0 
6 hr T 15.1 
1 дау h 15.4 
2 days 5 15.8 
5 days. 9 16.1 






Average initial thickness, in. 


= 
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TABLE III.- DIMENSIONAL STABILITY OF GAFITE 
[A11 results for stretched material are the average 


for four specimens; for unstretched material, the 
average for two spec imens] 


Multiaxial stretch, percent 
Temperature, 
о 
Decrease in length, percent 





























2 О 0.2 0.1 1..8 
6 О 45 4T 1.8 
1 О E .8 2:2 
2 „5 .6 .8 2.35 
3 О “> 1.2 2.0 
h О .5 1.2 2.0 
2 О £3 5.6 +.О 
6 О 1.5 1.1 1.8 
1 О 1.9 by 5.4 
2 О 1.9 4.8 5.2 
3 О 1.9 2.0 5.5 
2 hr 21.0 5657 15.8 
6 hr 27.8 15.71 50.5 
1 day О 59.5 61.6 
2 days l 52.6 61.8 
5 days 52.5 62.1 





Average initial thickness, in. 
Ce» e» | ем | os 
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TABLE IV.- DIMENSIONAL STABILITY OF RESIN C 


[All results are the average for four specimens] 


Multiaxial stretch, percent 


Temperature, 
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Decrease in length, percent 
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TABLE V.- EFFECT OF MULTTAXIAL STRETCHING ON SURFACE ABRASION 


OF TRANSPARENT PLASTICS AT 250 C 
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bAverage for 12 specimens unless otherwise noted, plus or minus standard error. 


&Final measurements were made after 250 revolutions. 
CAvera 


CAverage for five specimens, 


"ABLE VI.- EFFECT OF MULPIAXTAL GTEETICHING CN TENHILE AND GHAZI: PROPERTIES 
OF ГОСТАЕ 22-29? (POLYMETHYL METHACRYLATE) AT 22^ 0 


[fests were comincted at 259 C and 50-percent relative mumidity; all resulta аге the average 
| for eight specimens unless otherwise noted] 





Binnsaling refera to beating at 90° C far 6 houra өлі cooling slowly. Beating refers to heating at 1659 C for 50 mimites followed 
tyr 4 cooling in air, 
cant modulus of elasticity was calculated for stress range of 0 to 2,500 ра. 
CSolvent-orezing stress is xinUumim stress required to cause crazing upon application of solvent. Ethylene diohloride тая solvent used. 


ё average of five specimens. 


of four specimens. 
deviation was cslculstel for emeh property by pooling variability of replicate specimens of вали sheet for sach conditign. 
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TABOE ҮІІ.- EFFECT OF MULURIAXTAL STRETCHING ON TENSILE AND ORAZING PROPERTIES 
OF РІХХТОТАН 55 (MODIFIED POLYMETHYL MEYHACRYLATE) AT 23° C 


[Testa were conticted ві 250 С md 50-percent relative tmeldity; all remilta 
аге the average for eight specimens unless obbarwise noted | 





SAmnenling refers to heating mb 100° C for 6 hours and oooling slowly. Heating refers to heating at 185° 0 for 50 minutes 
by rapid cooling in alr. 
ant modulus of elsatioity was onloulated for stress range of O to 2,500 pai. | 
vent-oraxing strass is minim stress required to cause crazing upon application of solvent. Ethylene dichloride was 
used these tests. . 
Avergga of seven spacimens. 
CBtandard deviation was calculated for each property by pooling variability of replicate specimens of each sheet for each condition. 
faverage of six specinens, 
Sayerage of four specimens, 
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TABLE VIII.- EFFECT OF MILUFTACIAL STREXCHIBG ON ‘TENSILE КИЮ CRAZING PROPERTIES 
ОҒ GAFITE (РОГУМЕРЕТІ, ADPHA-CHLOROAGHYLATE) wt 25° C 


[Terts mro conducted at 85? 0 anù 50-percent relative bumidity; results 
are the average for aight specimens unlass otherwise 





авала refers to heating et 2107 C for 6 hows and cooling slowly. Meeting refers to heating at 180? C for 50 mimttes followed by 


rapid cooling in air. 

cn Mu Ge eimai ty sa Gama арыс range of 0 to 2,500 ysi. 
Cgolvent-craxing stress 1s minimm stress required to cause crasing upon application cf solvent. Ethylene dichloride уаз used in these tests. 
Ü veraga of four specimens. 


specimens 
Sgteniard deviation was calculated for each proparty uy pooling variability of replicate specimns of each sheet for each осы tiom. 
bycur specimens агахай at the mrerage strass anl strain listed. Four specimens Aid not стела. 
ipewult for one specimen, ‘Fro specimens did not агае at an average stress cf 17,460 psi. 
dgverage for two specimens. ‘Two specimens dif not orare кї ви average stress of 17,990 pei. 
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TABIE ІХ. EFFECT OF MIDETAXIAL BTRETCHINO 04 TERGILE AND ПОРАКИ PROPERTIES 
OF RESIN C (РОТХМЕТЯҮТ, ALYHA-CHLOROACHYLATE) AT 25° 0 


[rhe tests ware conducted at 25° 0 and §0~percent relative hmidity; all results 
аге the mrersge for four specimens unless otherwise noted] 





Sanneeling refers to heating ні 110° C for 6 hours вой cooling slowly. Henting refers to heating at 1800 0 for 15 minntes followed by 


rapid cooling in mir. 


Diha secant modulus of elasticity wus oaleuleted for the stress range af 0 to 2,500 pai. 
The sclventreresing stress is xinimum stress required to smse erasing upon application of solvent, Ethylans dichloride wee used 
a gta, 
af three speciwens. 
deviation was celoulmted foreach property by pooling variability of replicate specimens of sach sheet for each oonfdiition, 
Глтегада of two specimens, 
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TABLE X.- TENSILE PROPERTIES OF MULTIAXIALLY STRETCHED ACRYLIC PLASTICS 


Total Stress at 
elongation, failure, 


stretch. percent psi 
percent (b) 


Incite Н-2202 


Plexiglas 55 


&These data were obtained in tests conducted at a testing speed of 0.05 in./min 
to failure. True stress is based on cross-sectional area at fallure. 
ese data were obtained in tests conducted at a testing speed of 0.05 in./min 
to 10-percent elongation, at which point the speed was increased to 0.25 in./min. 
Stress is based on original cross-sectional area. 
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Figure l.- Stress-strain diagrams of Lucite HO-222 (polymethyl. methacrylate). 
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Figure 2,- Stress-strain diagrams of resin C (polymethyl alpha-chloroacrylate). 
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Figure 5.- Btress-sbrain diagram of Lucite HC-222 (polymethyl methacrylate), 
mitiaxially stretched 50 percent. 


TENSILE LOAD, 102 LB 
CROSS-SECTIONAL AREA, 10-2 SQ ІМ, 


co4uG Wi VOVN 


6c 


PSI 


TRUE TENSILE STRESS, 


10 .20 .30 .40 .50 .60 
STRAIN 


Figure 4.- Stress-strain diagram of Lucite HC-222 (polymethyl methacrylate), 
multiaxially stretched 150 percent. 
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Figure 5.- Stress-strain diagram of Plexiglas 55 (modified polymethyl 
methacrylate), multiaxtally stretched 45 percent. 


OD 
TENSILE LOAD, IO? LB 


CROSS-SECTIONAL AREA, 10-2 SQ IN. 


o» 


сояқа WI VOVN 


Te 





14х103 
o 12 
а. 
o 
б 10 STRESS 
= ---->- LOAD 
О) жс” "- 
u 8 / "е2 ——— AREA 
-l ( ммм к. 

i 

LJ ! 
е Г 
- 4 

2 

0 .10 20 .30 40 .50 

STRAIN 


Figure 6.- Stress-strain diagram of Plexiglas 55 (modified polymethyl 
methacrylate), miltiaxially stretched 85 percent. 
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1-85676 
Figure 7.- Stress-crazed specimens of Lucite НС-222 (polymethyl ма 
and resin C (polymethyl alpha-chloroacrylate), Note internal crazing 
apparent in side view (second specimen) of polymethyl alpha-chloroacrylate 
but not in side view (second specimen) of polymethyl methacrylate. 
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Figure 8.- Fracture surfaces of unstretched and stretched RA га -222 
(polymethyl methacrylate) and resin С (polymethyl alpha-chloroacrylate): 
(A) unstretched polymethyl methacrylate; (B) unstretched polymethyl 
alpha-chloroacrylate; (C) modified polymethyl methacrylate stretched 
45 percent; (D) polymethyl alpha-chloroacrylate stretched 100 percent. 
Note third piece (turned over) broken out of specimen C. Specimen D 
broke into two pieces only (top piece is turned over). 
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